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In the manufacturing steps, materials have to be removed only in certain places. The
process enabling us to define these places is lithography. The complete name i1s
photolithography, but it is also called as lithography or litho in the industry.
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Drawings to show a wafer at various processing steps.
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Wafer processing 1s done at clean rooms.

Normal room air has several million dust particles exceeding a size of 0.5 micron.

Clean rooms are classified by rating numbers:

Number of 0.5-um particles Number of 5-pym particles
Class per ft’ (m?) per ft* (m?)
10,000 10,000 (350.000) 65 (23,000)
1,000 1,000 (35.000) 6.5 (2,300)"
100 100 (3,500) 0.65 (230)°
10 10 (350) 0.065 (23)°
1 1 (35) 0.0065 (2.3)°

VLSI processing 1s done 1n class 1 clean rooms.
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Wafer 1dentification flats.

These flats are ground into the silicon
ingot before it 1s sliced into wafers.

Original silicon wafers have metallic
gray color. After formation of Si02 on
the surface of the wafer, depending on

the thickness of S102 the surface will
have a color.

After processing different regions of
a wafer will have different thickness
and so the IC will be multicolored.

N.Hatefi-Kargan: Department of Physics

Primary
flat
<110>
plane

p-type <100>
(@

Primary
flat
<110>
plane

Secondary
flat may be
here (0°)

Secondary
flat

n-type <100>
(©)

Primary

<110>
plane

p-type <111>
(b)

Primary
flat
<110>
plane

Secondary
flat

n-type <111>
(@)




(3

diignth 229 50,5 jued

Prior to use wafers are cleaned. The important and general use solution for cleaning 1s
deionized (DI) water. DI water 1s highly purified and filtered to remove all traces of
1onic, particulate, and bacterial contamination.

Theoretical resistivity of pure water at 25 degrees Celsius 1s 18.3 Mohm-cm. Basic DI
water systems achieve resistivities of 18 Mohm-cm with fewer than 1.2 colonies of
bacteria per milliliter, and with no particles larger than 0.25 micron.

General rules for cleaning any type of wafers are:
1- Ultrasonic cleaning in DI water for 3 min

2- Dry by using dry N2 gas gun

3- Ultrasonic cleaning in acetone for 3 min

4- Ultrasonic cleaning in IPA for 3 min

5- Dry by using dry N2 gas gun

If the wafers are oily then prior to the above steps, they are ultrasonic cleaned in
soap solution for 3 min.

N.Hatefi-Kargan: Department of Physics
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A typical cleaning procedure for silicon wafers is as follows:

A. Solvent Removal
1. Immerse in boiling trichloroethylene (TCE) for 3 min.

2. Immerse in boiling acetone for 3 min.
3. Immerse in boiling methyl alcohol for 3 min.
4. Wash in DI water for 3 min.

B. Removal of Residual Organic/lonic Contamination
1. Immerse in a (5:1:1) solution of H,O-NH,OH-H,0,; heat solution to 75-80 °C and hold for 10 min.

2. Quench the solution under running DI water for 1 min.
3. Wash in DI water for 5 min.

C. Hydrous Oxide Removal
1. Immerse in a (1:50) solution of HF-H,O for 15 sec.

2. Wash in running DI water with agitation for 30 sec.

D. Heavy Metal Clean
1. Immerse in a (6:1:1) solution of H,O-HCI-H,0, for 10 min at a temperature of 75-80 °C.

2. Quench the solution under running DI water for 1 min.
3. Wash in running DI water for 20 min.
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After cleaning, the silicon wafer is covered with a material that serves as a barrier.

The most common barrier material is S102. Silicon nitride (Si3N4), polysilicon,
photoresist, and metals are also used.

Barrier materials are coated on the wafer surface by using deposition techniques, such
as: thermal oxidation, chemical vapour deposition, sputtering, vacuum evaporation,
and spin coating.

N.Hatefi-Kargan: Department of Physics
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After barrier layer, the wafer will be coated with a light sensitive chemical called photo resist,
sometimes called “resist”.

To ensure good photoresist adhesion, the surface must be clean and dry. For some surfaces in
order to promote adhesion, prior to applying photoresist, a adhesion promoter layer such as
HMDS is coated on the surface.

After the resist is poured, the wafer will be made to spin at high speed. The solution

will spread very thin on the wafer. Depending on the spinning speed and photoresist

viscosity a thin photoresist layer will be formed on the surface.

A drying step called soft baking or prebaking is used to improve adhesion and to remove
solvent from the resist layer. The soft baking process is specified on the resist data sheet.

Soft baking time: A few minutes Baking temperature: 80 — 150 °C

10
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All these operations would be conducted in a yellow or dark room.

A yellow room and a resist spinning spinner.

11

N.Hatefi-Kargan: Department of Physics




[3

..-J*:":"_‘u.ﬁ-:?ﬁh (o) Sl

N.

Cod S5 9> LIC jo 040 o &1k Jlow (Layout) loilr addi (SS9 28Ul e >k Sl as
o 0damy (e Sy (o0 Sl gl s 50 4o ekl pleile s (nlplo 09h (o0 S5

Layout view of a simple
CMOS operational amplifier

12

Hatefi-Kargan: Department of Physics



[3

l_JL-:r‘-UI.--":I:'I (g_)LQ.:) Sewlo

ool GDS Ll 51 555500 gl By pme
J ;qﬁ%g
lltl || e I li
e ol
e B

M 1|tjiE1|| LT

! ucjn['ln'n‘%utn ' Qi
=N au% ol i
BEP 1”|:]|E_1||_|l_] [I”F vl | EL.T _E]

fLIH B
} JEm o

1 e 1
Ill— .

13

N.Hatefi-Kargan: Department of Physics




..-J‘-::'fwl:'_'“?"h (o) Sl

S35 55 1 el AilgF (o Sl 4 s A5 (6 5eelS s G Jagl Sl oad 0,030 LB G o aS e Sule )b
ol 69y gh (oo o0ls Jlistl aitus 5)leS b m¥logu adnl &S ol Y 25 69, 4 adl FeslS bonigd SS90 L
ol 0l 0aidigy (9 S 5 n b o 4 les o) bangi pa o 1 (69, 5 £S5 STl Y ;5

An IC photomask

Magnified 40~

Secondary chip site

Magnified 40

>

Primary chip site

14

Device feature
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Emulsion Film Photomask
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For a processing with N=10 mask levels, and defect density of D,=0.25 defect/cm?
on each mask, yield is 10% for a chip size of 9 cm?.
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After this, the wafer and mask are brought into alignment. The lens system will be adjusted so
that the focus 1s correct. Then light of particular wavelength will be made to fall on the wafer,
through the mask, for a short time. Wherever the light has fallen, the chemical reaction would
have taken place.

After exposure, it 1s sent for developing. The wafers are dipped in suitable solutions. Wherever

the light has fallen, a chemical reaction would have occurred. Exposed (or not exposed) areas

will be dissolved in the developing solution depending on the resist type positive (or negative).
17

N.Hatefi-Kargan: Department of Physics




(3

Somgiab (Alignment Marks) gl e

Alignment:

For most of the layers in lithography, alignment to another layer is necessary. For example, in
order to make a metal line correctly, it has to be aligned to the previous layer

In ideal situation, everything will align perfectly. However, in practice the alignment will not be
perfect and there will be some misalignment. If the line widths and spaces are of the size of say
65 nm, then the alignment tolerance 1s probably in the range of 10 nm. i.e. We would like it to
align perfectly with the previous layer, but a 10 nm misalignment is tolerable.

Box in Box alignment mark Cross alignment mark
18
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Positive and negative resists:

The commonly used resists fall under the category of positive resists. Here, the regions
exposed to light dissolve in the next stage of litho process. Thus, the pattern formed on wafer
1s the same as the pattern present on the mask.

In negative resist the regions exposed to the light will not dissolve but the regions where the
light 1s blocked by the mask will dissolve.

Typical negative photoresists are polymers with photo sensitive chemicals. In presence of light,
the polymers will cross link and will be less soluble. In case of positive resists, a photo active
compound which is normally not soluble in the developer is used. In presence of light, the
compound changes its structure and becomes soluble.

One of the advantages of the positive resist over negative resist 1s that the process 1s
relatively less sensitive to dust particles.

19
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Positive resist Negative resist

SiO, SiO,
Si Si
Dark field mask Light field mask
After Litho After Litho

Photo resist

Litho for positive and negative resists.

20
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In ideal case, there will not be any dust present and the lithography (exposure and developing)
followed by etching will give the required structure.

If the particle is small, then it will block the light in a small area. In positive resist case, the
structure, after developing will have small pillar like structures and usually these pillars will not
be stable and hence will fall away during the developing process. But if the particle is large, then
they will protect the material below them, during the etch process.

Ol ool After Litho
tall ol during
deaelpment stage]

In case of negative resist, even if the particle is small, it will result in a pinhole during
developing stage. Thus the structure will not be formed correctly for small as well as large dust
particle. Hence, positive resist process is relatively more robust. 21
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Comparing pattern transfer on
a wafer with using positive and
negative resists.
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For large diameter wafers it is impossible to achieve uniform
exposure and to maintain alignment between mask levels,
particularly for submicron feature sizes. In this case a direct step-
on-wafer projection system is used. A single die image is
projected on the wafer surface. The wafer is moved from die site
to die site.

Light source
(Hg lamp)

Condenser lens

Objective lens
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Resolution: The resolution indicates the smallest feature (F) or the spacing that can be
produced in a manufacturing process. If we say that the resolution 1s 100 nm for a
particular process, we mean that we can make any structure which 1s 100 nm size or
larger or we can produce structures with a spacing of 100 nm or more. It also means
that we probably cannot make structures which are smaller 1n size (like 50
nanometer) or smaller in gap repeatedly 1n this process.

The resolution depends on the wavelength of the light used and another parameter
called “Numerical Aperture” (NA).

. . Diameter Masi
NAx
Focal Length
NA=nxsin(8/2) i
F ~ /1/ NA

28
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Depth of focus, also called depth of field, (DF) indicates how much variations one can accept in
the planarity of the incoming wafer. For example if the incoming wafer is perfectly planer then it
is easy to use the lithography process.

Usually the incoming wafer will have some variation in the topography (some ups and downs).

The lithography process should be able to print the patterns correctly even when there 1s poor
planarity. This ability is quantified by the term “depth of field”.

Large depth of field and small resolution are preferred.

Unfortunately the depth of focus is related to the wavelength A and the numerical aperture (NA).

DF =F /tg(0/2)~F /sin(@/2)=nA/( NA)?

It 1s impossible to have large depth of field and still the smallest resolution. One

has to make a compromise. 2
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Originally visible light was used in lithography process. Later ultraviolet (UV) light

was used.
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With 1-line lithography systems it is possible to reach 300 nm resolution.
Advanced lithographys systems use 248-nm KrF excimer laser (180 nm resolution),

193-nm ArF laser (100 nm resolution) and 157-nm F2 excimer laser (70 nm
resolution) systems.

31
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Now given a wavelength, how can we improve the resolution? There are certain
techniques called resolution enhancement technique (RET).

We will consider 4 such techniques: one 1s optical proximity correction (OPC),

second 1s antireflective coating (ARC), the third 1s phase shift mask (PSM), and the
forth 1s Immersion Lithography.

32
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OPC or Optical Proximity Correction: Proximity means ‘nearness’ or something in the
vicinity. If we consider a metal line to be patterned in a particular location, the presence
of a line nearby will affect the optical behaviour. If we want to print two lines next to
each other in one case, and print one line with no other line near it in another case, then
there 1s some difference in the behaviour of these two cases.

Optical proximity correction is a method to adjust the layout so that the differences are
accommodated and the printing occurs as planned.

33
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There 1s diffraction and hence the 1image on the wafer will be different compared to the
image on the mask. Even if there 1s no other line nearby, the image will not be exactly
the same as the one in the mask. In the case of line without any neighbour, called
1solated line or 1so line, the diffraction effects may make the image bit smaller than
planned.

For example, if the mask contains 100 nm line, the image on the wafer may be only 90
nm. So, in order to print 100 nm line on the wafer, the mask can be made with 110 nm
wide line. Please note that 1n this example, we are assuming that the mask 1s 1X mask
and not the usual 4X mask. In case of a 4X mask, If we want 400 nm wide line, the
mask may be made with 440 nm wide line. This method is called biasing.

In the lithography process, the presence of one line will affect the printing of another
line, if the distance between the lines 1s within one micron. If the distance is more
than one micron, the presence or absence of a line will not make any difference.

34
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Resolution Enhancement technigues

Adjacent T junctions in the layout
(a) before OPC and (b) after OPC.

OPC can be classified as “rule based” or “model based”.

One point that we need to remember is that increase in the width is not the same as
enlarging the layout. Here when the width 1s increased, the space gets reduced.

35
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Anti Reflective Coating: The second resolution enhancing techniques or RET i1s the
application of anti reflective coating. This also called ARC or arc.

The incoming light and the reflected light within the film can form what is known as
a standing wave. Essentially, the light reflected from the wafer will interfere with the
light coming from the top. This will distort the image, and hence we will not get the
exact image on the mask.

In order to overcome this problem, the following procedure is used. First, on the top
of the wafer, a film made of a material called ARC or anti reflective coating is
applied.

36
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Phase Shift Mask:

The third RET is called phase shift mask or PSM. Earlier we saw that OPC can be
used to account for diffraction to some extent. However, this trick can work only up
to some extent. When the space between two features or two lines becomes very
small, OPC will not work effectively. What 1s meant by very small? When these
spaces and the widths are similar to the wavelength of the light used, then we can say
that it 1s very small.

In the beginning of 2010, companies were creating chips with features of 65
nanometer size using light of 193 nanometer wavelength. This was possible only
because they were using phase shift mask (PSM).

37
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Air

Glass

Immersion Lithography: As of 2012, a technique called liquid immersion lithography is used. In
this, a fluid such as water (or preferably with high refractive index) is introduced between the
wafer and the lens. If the refractive index of the fluid matches that of the lens, (and assuming
that the refractive index of the photoresist 1s similar to that of the lens) then the images formed at
the bottom of the photo resist will be with high resolution.

The requirements of the fluid are that it must be compatible with the photo resist and the lens
and that it should not absorb the light used (< 5% absorption). High purity water satisfies these
requirements. Its refractive index is 1.47 and it can be doped with sulphates or phosphates to
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(a) Simulated trajectories of 100 electrons with initial energy of 20 keV incident at the
origin of 0.4 micrometre film on thick Si substrate; (b) dose distribution of backward and
forward scattered electrons at resist-substrate interface. 44
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The Extreme Ultra Violet (EUV) lithography uses 10-14 nm radiation, and is capable
of printing below 50 nm features without throughput losses. A laser produced plasma
or synchrotron radiation can serve as EUV source.

Since almost all materials absorb EUYV, the EUV lithography must be performed in
vacuum. The mask and other optics would be using reflective method and not

refractive method.

The mask and mirrors used must have multi layer coatings that produce quarter wave
Bragg reflectors to maximize reflectivity.

EUYV is capable of printing 50-20 nm features with PMMA resist using 13.5 nm
radiation.

45
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ki

Schematic representation of an EUV lithography system.
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X-ray lithography 1s the extension of optical lithography to shorter wavelengths. Since
X-rays have very short wavelengths (less than 1 nm), the diffraction limitations of
normal lithography would not be present. Some of the difficulties faced are:

(a) it 1s difficult to bend and focus the X-rays and hence only 1X mask can be used and
(b) secondary electrons generated by X-ray causes contrast issues.

X-ray absorption depends on the atomic number of the material and most materials
have low transparency at 1 nm, so the mask substrate must be a thin membrane (1-2
micrometres thick) made of low atomic number materials such as silicon or silicon
carbide. The pattern itself 1s defined in a thin (0.5 micron), relatively high atomic
number material such as, tantalum, tungsten, gold or one of their alloys, which
supported by the thin membrane.

Since most dust particles will transmit X rays, particle contamination 1s less of an
1ssue.

47

N.Hatefi-Kargan: Department of Physics




L,,J;:.f,,_gtl_-iﬁu X asdsl 69‘;3"”‘]

o —————
H i
s |
i A-ray :
- '

i SO i
I

! :

X-rav mask Re=sist -paoated
y wafer

Schematic representation of x-ray lithography system.
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Ion beam lithography can achieve higher resolution than optical, x-ray, or electron
beam lithographic techniques because 1ons have higher mass and therefore scatter less

than electrons. The most important application is the repair of masks for optical
lithography.
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Trajectories of 50 H+, with 60 keV energy travelling through PMMA into Au, Si, and PMMA.
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